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ABSTRACT

Experimental data is presented which tests the assumptions on which
Technical Note N-423, Application of Queuing Theory to the Design and
Location of Personnel Shelters, Is based. A method outlining the devel-
opment of deslgn criteria of general usefulness is also given.
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INTRODUCTION

An important problem in shelter design is insuring that the entrance
of all assigned personnel into the shelter within a given interval of
time has a high probability. Technical Note N-423, Application of QueuingTheory to the Design and Location of Personnel Shelters,' attacks thisproblem by applying techniques of queuing theory.

Assumptions Inherent in these techniques have been tested experi-
mentally, and the experimental results are discussed In this technical
note. It should be noted that military personnel were utilized In
performing the experiments, and that other commitments placed restrictions
on the time as well as on the number of men available for experiments.
However, results obtained Indicate that more complete testing of assump-
tions as suggested In N-423 Is not warranted.

ASSUMPTIONS

Assumptions made in Technical Note N-423 are as follows:

1. g(t) = pe- t, where g(t) is the probability of an interval of
time t between services, and I Is the service rate (the average number
of persons passing through the entryway per unit time if persons are
always waiting in line).

2. f(t) - heXt, where f(t) is the probability of an interval of
time t between consecutive arrivals, and X is the arrival rate (the
average number of persons arriving at the shelter entranceway, or at the
end of the queue at the entranceway, per unit time),

3. P X/4 ! 0.9, where p is the ratio of % to 4.

4. N 1 100, where N Is the number of persons to be accommodated
In the shelter.

5. The queue Is single file.

6. Service is "first come, first served".

/. Transient effects can be ignored, and the steady state solution
can be utilized.

EXPERIMENTAL PROCEDURE

Personnel were made available to NCEL by the Construction Battalion
Base Unit. The mului-purpose protective sheltei of the Construction
Battalion Center was also made available by the Disaster Recovery Train-
ing Division. Records of test runs were made by Esterline recorders and
by movie camera.



Assumption I was tested by running groups of men single file Into
the shelter. Recorders equipped with push-buttons were stationed 60
feet from the shelter entranceway, immediately at the entranceway, and
Inside the shelter. As each man passed each station, the push-button was
depressed, and a permanent record of the run was obtained on the recorder.
In each run designed to check assumption I, all participating personnel

were lined up single file 60 feet from the entranceway, and at a signal
from the officer In charge, personnel began moving into the shelter at
normal military pace. Service was thus "first come, first served."
Filmed records were obtained of personnel movlng through the entranceway,
and Inside the shelter. The filmed records were obtained for purposes
of checking the manually operated Esterline recorders. Figures 1, 2,
and 3 show the location of the recording stations and the geometry of
the shelter entrance.

Assumption 2 was tested by stationing men In such a way as to
approximate the actual situation for which the CBC multi-purpose protec-
tive shelter Is Intended. The CBC Disaster Control Recovery Plan provided
data on the Intended staffing of the shelter. Probable locations of the
staff personnel assigned to the shelter, which is intended for use as a
control center In case of nuclear emergency, were determined, and test
runs were set up to simulate a possible real situation.

Nunmbers of personnel expected to proceed to the shelter from various
buildings on station having been estimated, available personnel were
distributed into groups In proportion to these numbers for the test runs.
Distances used in the test runs were scaled to the true distances from
building to shelter in the ratio of one to four In order to facilitate
actual testing operations. The groups were directed to remain at or
near their respective stations, and were permitted to sit as well as
stand while waiting. At a given signal, all personnel began moving
toward the shelter at a normal military pace. Recorders were again
stationed 60 feet from the shelter entranceway, at the entranceway. and
Inside the shelter. Filmed records were obtained of personnel moving
through the entranceway, and Inside the shelter.

Since the CBC multi-purpose shelter was located In a remote corner
of the base, It was decided to simulate the case of a hypothetical shelter
at a more centrally located site. Except for the different Initial
stationing of personnel, procedures were Identical to those described
previously,

The case of a multi-story building with adjacent shelter was also
simulated by stationing groups of personnel so that 100-foot intervals
between groups represented the difference between consecutive stories.
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Service was '0-I~s cc-me, f itrst s~rve4'" fur Oif runs, and Atl queues
were single file.

VALIDITY OF WXERIMINW4AL PROCIAIRES 111 ItSTINO ASSUM413NS

Comment upon the lval'?itolZ of expefimannel p~eteeue (ased tn testing
assumption$ Is warranted?. l's i ta lasgih tip simulat# mctual b~ehavior

ina nuclear emergencý* Ik. $ta~kio@#Pg Woups of personnel 84 foot at
different distances from 41e shelter erktraPeew5V 90 av~t a warning
signal? In view of many unknowftp glsis Seemed to be the best that could
be done. No provision 4ts been made for me~tid of transpertatieui to tine
CBC control center ift case of Cl.P3t. the £BC OSlIster %ecfovery Irainitog
Division Officer expressed tl~a WTSIFt hat .RatR~al vshicles would be
util1 ized, and the reduet ion of dfista.nCq5 in r A rotto of aft to f~mvu
tends to moI~e allowance for tfviq. lit *ewvof tlie v.Irjeus Oestiimatins to
which personnel would proceed and the jp#resah laygi of tratnIMS of peivsernep,,
the chaos w~hich would ocicar durilmgal wwegl 4nar oey oiakes it dl~filcalt
to formulate a real istic r~o~l . oty IrS the evaht that V Wo~I Vevel of
training iS attained, with fa-eqijent dep3;,ca W ru.;lhtie4 appa'aximation
to the actual situation bo mae vgq tlug, i~f arrival1 reords of am~
actual base wide drtll I ure oI4tait&,, theso reger&s would serve omaly for
CBC and for the control ;e'Ater as ptesentl~y ioecated. Weverthetess, the
results obtained in thqk .xpmr~maints performied do i~va significant bearing
on the problerM of proper 5lh*ttef'wSa desf~fs, and a discuss ton of the
ionplic~t ion of these experimpents iS presented In a following sectlon.

it ;haUld aIuc be pelpted out thPit assu~tion 4 was not enforced in
some of the experimental funs. Stiliff~ftnt pe'sonnel were not available
oll tfiele oc~esloppsi. In 49velipP419 the miathematics of Tefchnf cat Note N-I+25,

* ~~this assumption wag m~ad suibscquerot to 441timpitIons I and 2, and becau~se
indicatiovjs are thnat assumptionIs I cand 2 are lrwval id ine tthemsellves, the
failure fts enforce this asgsumption is got of great Importance.

EXPER IMENTAL RESULTS

* Experl~eritsl rivis were made as fol~ows:.

Run 0:0 T.Wrtyunine maen wera stationed single file with the
fror~t of the ejaveu 4nitially 60 feet from the shelter
e~strange. em signal, the man mroved lImto the sholter,

RLm 2: Fort), men were distributed in groups In proportion to
the expected distributjtai of persontice? assigned to the
sheiter Inq evert of actujal emergency, and these groups
were stationed so as to priserve the ratio between
dlgntaqMe traVelled to tite Slietter foe4 the experimental
rgin and 'the re8! Veflt. A grou~p ef six vren tfas Itationed

L0



;00 feet from the shetterI; 3 Aiem) 9160 feet foom the
shelter: one man, 1580 feet from the shelter; two men,
112CY feqt from the shelter; two men, 1850 feet from the
s~helter; 2r men, 2215 feet from the shelter: one man,
'1315 fee? from the gthefteri one man 2400 feet from the

* Ru 3: Shelter. Ora 9ignftl, the 4hen m~ved tnto the shelter.

JW 'Run 3.: ame IS fun 1, except that 21 meisoere stationed 2275
jeet. fromn the shelter entrance.

Res 61? Tl simulate the case of a three-story building with
4, adjacent thelter, group$ of 13 men were stationed at

* 10e feet from the shelter entrance, at 200 feetv and
at J6 feet. On signal, the men moved Into the shelter.

Ruttn Si Same as 4*un 4, except thal the men were sltiloned At
400 feet from the she'lter entrance, at, 500 tee&& and
at 600 feet*

ISg S iA5 ame flý rwM *, *eetoit thtaes tke thei were bptatned a&.
700 feet fi'ihn the. ahuiter enteaImee at 809 feet,"ond
at 900 feet.

40 I t us 7,.$a m e a s r u n 3 e . t e pt Jh a t j 58 m e Y# P a ~ t I tl p a te e f,
Run 0: The case of a Ceemtta?ly Iatated 9heiter was stmuataedw

Sixty-four~ines wiceretttributed Ims grevups In propottlon
to the estpefte4 djstribution of personnel ass~qne4 go
the shelter. in event of an actual emergwq,~.# aind tliese
groups wvere staI~Qned so as ito pftserve Uke stat;Q
between distances travelled to 11he shel~er for 9be
experimeiital run and tile real, event* A groulo of j5'
ma weltas s tat Ijned 2~49 f est fr'om t he g heIte r*pi vgerag
410 feet from the shelter; 2 menp 2,83 feet Irem tkie

* shelter$ 5 meom, *1040 feet irom theo sheitei'1 3 i'1e4*
1190 feet from the shelter; 2 omen# 1270) feet OMen t
shelter; 3 meis IS50 feet from t~w thettero, 3 men,
1580 feet fromn the shelter; and 8 men, ?840 Peet irom

*t100 s9veter. O 613 6gro~, the 0hie movedS foto the shelIter.

Vun 4): Same as run 8, except that a hfgh explosiv'e was sletonated
To the inimiedg~t& alea Of the shetter,-and 01l personne)'
with ~pRIate t'ehicles neaP the shelter were directed to
move them approximately 150 yar~ds faPthe? awa~y from

C the shelter befafe the run started and before the
9ine? I~move Into the shelteir ?ad been given.

* .Pergonnel wereototd thall the high explosive would be
*detonated at a~j unspecified time after the signal to move

Onto 'the s¶efter had been giver. It was feit that the

S -F



knowledge that no danger was immineont contributed to
the orderly and expeditious manner in which personnel
moved into the shelter on othel runs. Run 9 was
des ,Igned to see if an element of uncertainty regarding
,petsonal safetym~otold have any effect on the men.

JRky 101? Tame as run 8, except U.nat AAl mneparticipated, AIroup of 57 men was stat4oned Z40 feet from the shelteri
men, 410 feet from the sbelter; 4 men, 780 fee$ 4ronlj

%he shelter; 8 men, 404D feet from the shelpellf 6 meNb,
1100 feet from the sheltePt 5 men, 1271P feet from the
shelter; 5 men, 1550 £eet, fcom the ihelteP4 ; men.
1580 feet from the shelter; and 16 men, 1640 feel from
the shelter. On signal, the men, moved MA She sheltf.-

Rurb)I fl?, Same as run 4, except tJ~at 64f mene ovee slaafomed 09)
feet from the shelteri 28 mens 25a feel$ and 19 mer~a
300 feet. hIhs rurb wars set up so as 40 blufte Wt~ a
redatively long queue woold forw&

* ~Fo9 A~ns I tN6-gI) 6, A~nd was from Ste west fp~pend4;uII~f to lie
41itection of ttave&) at I to 3 knots, Itamiperatofe warlttel eween 62 4IegheeCl'
Fahrenhe~t and 65 degrees Fahrenheit, baftmetrig pressere was 30.00 In and
gfeaj?. and there was no cloud cover. Foe runs I %hfo% fl t,-wimd was ftom
'the wiest at 4~ to,48 knots, temperature was 52 4degrees PArenheIlp baremetrI6,
pselfarir. as J0.02 jo and steady, and t?ýete was me *loud' Love?. dAges Q1
pat~tiepating petsonnel varied betweem 513 and ij with a mean age oVF .11 jvaft
Tevraln Avas Aevet except f of, one jj't~h, *41*cI* tvas eardly stones af'r

'Me data obtatne& from the exfer lmeota4 I& ramsi #rftlamled In T-Iblet
4 tbe'pg? UI In AppqW1^~ A. jjqatjobr& J ,ifef &e lbseIceoddar $0 feet
freom the sheltef enteanrsi sitatlsW 2# to :he reeseeee tlk UI a~etetr
en&Aan~e*V and statfoib 1, 'stot 'e e~r~er igtside 4Jie skwi.?gt TP 11-9.

*measitded` from the Nhstaft SI~e 61 go) d1rult I& #dtsdMieI to proceed 4#16
the sAettfew ý4s g iver8#,pm *,¶4 girty 408 Rb rafS oa 'Va

ANALYS IS OF EXPER'SHE~r4 LF J~S b,1,

DatA Isom tS., it anf I IS AInaly:.d to le5t 4160"990% is A* w.as
x-ecommeffidet No lethn I al N~ot# ROUR, *k ehjm~q~af4e Cese wao pel-formed.
4 seP'&@e Is OInsbiPe~ef20 ave Oc~qrted whM a man apINVO62N stat:113

J.For curs :# afT9?ta?S 4t St~ton J% betwoe, 21.0S ewnds, wi4 74.9
seraeds i.oatSwe afe Rtteagd ft teers ff 50 subeiatetveI'S Of I seCag~d*
eacA. #ate no 7*4pM'tjvaj& &&&weeIS 20*0 se8Sor1w aRq4 949, s*orads, Uclas tbe
ale treated Jig termT Ot IS s~t-bitvj'aheies I sqectm eaepe. In ?IU fellIgw-
#ng &1,ajysts, x Weters 19 the ftgmbeW Of afivals fi a, Subulftearvalp

"* ixi 10 Ve. 'PTssM ofba¶4lbl y of ~ ft rIvals to a stjb.Itfe#Va1# sto
Vewme of Stbibenteftals, and A ktoh a s 9mb fsuutevs

with xk a~rivals. Thu$, thaetrti4Wiyit. he Product of I arA fCu) lip J
be equat ill valike to R~
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2 2 0.490 24.5o 24 0°010
3 3 0.095" o4q5 0.013

TOTAL "F4

If the service rate is normally distPibitted aboul x = 8.80, there
are three chances in four that A will be fesS than 0.702. Sinced, A
0.072<0.102, there Is no reason to obleef Jo all as1rmptiell eof ?trmally
distributed service rates on 0?le basis of Vhe experjniental data.

Although run I1 was not Intended as a check *n as•umption 1, data
from this run can be used to further investlAoett the assumption that
service rates are normally distributed about *lrnean vahue. If, in
addition to the 50 sub-intervals from runs I Un47P arrvals �n gun il
between 25.0 seconds and 174.9 seconds *pclu|•ye aPe &treated In terms
of 60 sub-intervals of 2.5 seconds each. there *s s~i1l %Peasoi to
object to the assumption of normally distr~iboed service Pates. FuirtherU
more the values of I.P(xk) are of grealer 1ag•irtude Itenifing more con&
fidence to the use of the usuah app eximitTS& t46tPhe d sJ=tete ,oL freque6G%
function.

k X k I .Pfa141t% A

"2 a• •0.3Q5050 560 ead.S3 @.0817 04.9 Q04601•

IQA04 1W04

_i %be &ervt•tg Uae *IS tg riri.14, 480! x (It . h364, 21r

ate" Awe $aftgses3If~vift &ft% *4e $4 S UR&jian om(14,

DOSa Frem fti It 4 66t 1se 6 I * thvougYi 9 We ana~lzet &0l tolt
altumption 2, Am ari'vat I.a I& mnifeted to •Iwe ecg•ered & a a",d
IfIeves ai 9ta4t96 3, 1 P r Me 2in 3, arjivalg betw&0 10.0 IMWiSdi
and J9.9 secofts *•s s srvS at# Ife~le6 Jim tefat Slf i-seeond I3teef als:

) Iefor cphs 4 a84 S, a.etlvalf bs•g~eal 8.0 secEpIN4 W J 1,$.$ Soebmds ifttwulvm
ars treated 41 feIdU Of It aeAjl 1s1t4t•Iab Vet rU~l 9- ariyVati l4te!efea
S.0 secoldl and f9.9 seconds inctutlve &,e $.Ite• e i* 40$ G SI J-se6oj

"*" 0 10 *,

S a,

0.- J
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intervals; and for runs 8 and 9, arrivals between 0.0 seconds and 359-9
seconds inclusive are treated in terms of 5-second intervals,

Run 2

k xk P(xk) I.P(xk) Ak -, kj 2

0 0 0.717 89. I 0 4.20

I1 O#29 18•87
2 2 or 0.044 50; 8 4h38

more , 0
S•, .2fx• - A,.1 0

TOTAL 6& "* Fe - p 214S

Run 3

0 0 * 0.723 86.8 106 4.25
1 1 0.235 28.2 2 2a.14
2 2 or 0.042 j.0 ?2 9.80

more

TOTAL A 38-39

Run 4

0 0 0.522 3103 4 3.66
S] 0.339 20&3 3 14,74
2 2 or 0.139 8.3 15 5.41

more

-OTAI * = 3.8?

Rurn 5

* 9 *522 31.3 41 3.01
.1 G-39 2Qe3 16o•f

2 O~r 0-119 8.; .1motJl

TOTAL A =28.3

.0
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Run6 (I.P(xk) - AE)2

k xk P(xk) I'P(xk) Ak I.P(xk)

0 0 0.522 31.3 45 6.00
1 1 0.339 20.3 2 16.50

4 42 or 0OlI9 8.1 13 2.66

more a

20AT A = 25.16

&jrl 319 Rurt91

T 0.366 26.4 20 .,o
? or 4.233 16*. 2.70
moPe

IIOTAL

For each of these cases, if the arrival rate is Lruly Poisson,
4 he1e is one chance in a thousand that A will exceed 10.

4MPLACATIONS OF EXPERIMENTAL RESULTS

Experimental results strongly imply that queuing theory with Poisson
input and exponential service times is of limited useftlresS in designigng
shelter entranceways. For the shelter entfPnIe Itested, indicatIlns age 1
that a mean service rate (0.65 entr'ies/sec for the case tested) holds,
and use of a mean service rate for design purpcIset s~euid $ifieso. ibhe
problem of arrival rate is not so simple. Alet'nough 6t does seern rteaon4
able that rates of travel under emelgency condi~tbins are 0iS1m41I distroi
buted about some mean value for walking and Funrwing gavpm diSanges, it
is difficult to test this assumption experimentlaltyP. Nvrthete&., gin*
approximate lIccations of personnel with respset to skcaistI desig% 4*it erdit
to insure the entrance of assigned petsonnel ea4 ge adocjatet•P 4eleoped
if use of a mean value for walking and rumndlg g•4*er4 isiantes Is Thade Is
determine arrival rates.

A slightly modified version of the design method idlfelopec atNSCL
for inelusion in Navdocks P-81, Part 22, is appligableg Arb example Is 0
utilized to illustIate the method. For this example, Ffgure 4 sMj~WFM We

0
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distribution of work spaces for the assigned occupants. Distances to

shelter, numbers of persons, etc., for each building are shown in Table
1 of Appendix B, while the example is given in Table 2. Results of the

application of the method to the experimental runs are presented in
Table 3 of Appendix B and are considered satisfactory.

Appropriate travel rates and service rates for use with this design
method are found in "Design of Entrance Systems for Personnel Protective
Shelters",.3 but no information for travel rates immediately at the entrance-

way could be found. Here a reduction of speed was not-iced during the

experimental runs. It is not clear if this was due to the fear of hitting

the metal perimeter of the relatively narrow entrance, if the change from
level ground to stairway had some effect, or ilf some other circumstance

contributed to the bottleneck. At any ratev velocity for this 2 foot
interval was computed to be about ýe feet/second. jhj value was

obtained by dividing 60 feet by the average number of merb between Station
I and Station 2 once steady stfate cond~ijlons had been Upeajihed on Nrour di0
and then multiplying this va%*Ae, ithe mean *P,,?vice rate. This average
computed value is wtilized *7 the cadtciaj*~ns of Table ýO of Appendix B.

0

For this design method to hav& g~.ncraj ftsef~ne~j, m~r4ý jinformatiorb

is needed regarding velocity of pelsibra thy-ifplgh a vaiety of hatrhways
and openings. Effect of ýotho ceosse~eclional area and 54ope, of the

open ing w ith respect Ito gfquný ltvef s hn~1 ýi U4wdled. All that is 'Needed

Jfor s uch a stgd s a jg? ies or mockups CO Ar gf'okilk 01 SX cneT 4? lhl!Pe.

Also needed b3 1hore i~formatIO9M fe arftn,ý cjiiq denoilty a& a fumtltiore

of velocity. In order t4 compute I eygtIis oaf queue-5 at.dirflerplt 46mes,
it is necessary Ito know the average amg~~tt of j)aj~ d~empled Uy a lbe~son
in the queue. This Woremat ion C4atjj be 4ct I~e durisg ~Ihe ýhatqhway
velocity test. A group of leamQ *i~t% dqr t,0 t~r hger46d ofdc*
to provide acdegialte data, howevw(e.

Further impl ications were. Olt 4tt2itit9 is of V'4a4 i~oltrans9 A
insuring the entrance of asigg P rop#V Wtijf!.ior) of
personnel shel ters can occur onlyr 4v1i~h UtrlyAOWvq1~r througF& f am i Iin-
ization of each individqal with the. agi~ tcq bi tal-en Ift &he evwit of
immenent emnergency, lthrou~h proper %rjj *~j,~ b

It can be tentatively stated tha11j~tttM ttaIQ1%f fdiltance: TO the
probable locations of assigned pelsonnet is 4V 14,!3e impfttance %hf

the maximumizat ion of the area of s~etta't en~vances 41i ~siL 5ituatiewo
The fact that there was little problem inft er**jqjft ;6 men evell thou;¶N
distances from the shelter were scaled ingA 4o j~oI indQtes that, for
shelters located on a station where as gpSQ43itloar~ expo.-Lcd

94
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to originate from several locatione more can be gained from proximity
of the shelter to these locations than from the provision of larger
entrances or more entrances. This fact is further substantiated by the
speed with which all per5onnel gained entrance to the shelter In runs
8 through 10 as opposed to runs 2 and 3.

FINDINGS

I. Two fundamental assumptions on which Technieal Note N-423,
Application of Queuing Theory to the Design and Location of Personnel
Shelters, is based did not hold true for the cases experimentally tested.

o
2. A step-by-step arithmetic procedure provides reasonable accuracy

in predicting arrival time for personnel.

3. More information regarding velocity of personnel through hatches
and openings and density of queues is needed.

4. it is extremely difficult to simulate emergency conditions In
so far as movement of personnel is concerned.

CONCLUSIONS

It Is concluded that:

I. The step-by-step arithmetic procedure presented in this note
can be adopted for use in shelter siting and entranceway design at the
present time.

4

2. Experimental work to determine velocity of personnel through
hatches and openings and also to determine the density of queues should
be performed.

ACKNOWIEDGEMENTS

Ihe work C CDR&. A. Quartegman, USNR, irbs~rv4ng as officer in
charge of the experiment is acknowledged. His enthuslasim and energy
contributed greatly to Its success.I he cooperation q CAPT E. J. Ralph# Of~feep In Charge, Construction
Batta4gon Base Unit, U. S. Naval Construction Battalion Center is also
acknowledged.

Finally, the cooperation of the men participating In the experiment
is acknowledged.

15



REFERENCES

I. NCEL, Technical Note N-423, Application of Queuing Theory to the
Design and LocaLion of Personnel Shelters, by J. R. Kettenring, Port
Hueneme, California, 29 June 1962.

2. Navdocks P-81, Part 2, Personnel Shelters and Protective Construction,
Department of the Navy, Bureau of Yards and Docks, Washington, D. C. (To
be published).

3. Armour Research Foundation, No. K158, Final Report, Part I1 Design
of Entrance Systems for Personnel Protective Sheltersj Chicago, Illinois.,
December 1959. (SECRET).

16

e0



APPENDIX A

TABLE 1

Run I

StatTon I Station 2 Station 3

3.1 sec 13.0 sec 21.2 sec
4.3 14.0 22.3
5.1 15.1 23.2
6.0 16.3 24.9
6.8 17.2 26.0
7.4 18.9 28.0
8.1 20.0 29.0
8.9 * 21.1 30.9
9,6 22-7 31.910.2 24.0 34.6

10.8 25.2 35.4
11.3 26.5 36.6
12.1 27.8 37.7
12,5 29.3 38.9
13.2 30.5 39.6
13.7 31.6 40,8
14.1 33.0 41.5
15.1 34,0 43.9
15.5 35.1 44.9
16,1 37.1 46.1
17.0 38.3 47.8
17.9 40.1 49.9
18,7 41.8 51.5
19.6 43.1 53.1
20.2 44.4 54.9
21.1 46.1 56.1
22.2 47.7 58.2
23.7 49.4 6o.o
24.8 50.9 61.1
25.8 52.0 62.2
27.0 53.8 63.3
27.6 55.1 66.0
28.3 56.5 68.1
29.2 58.3 70.9
30.1 60.0 72.5
31.8 61.7 74.1
32.8 63.2 75,4
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34.0 64.9 76.8
35.2 66.6 78.0

TABLE 2

Run 2

-Station I Stat ron 2 StatIon 3

92.2 sec 106.0 sec !H1.5 sec
93.1 107.2 116. 4
93.9 108.6 117.3
94.6 109.8 118.8
95.2 110.8 120.1
95.8 112.4 121.8

35247 362.5 369.5364.7 376.0 384.4
365.3 377.3 385.6
431.1 444.6 453.7
432.0 446.0 456.0
437.4 449.1 458.8

.438.1 450.4 460.0439.2 452.0 461.1
448.6 459,8 467.3
449.8 461.7 471.2
451.4 463.6 473.5
452.2 465.0 474,9
453.0 466.2 475.7453.6 467.7 476.5
453.9 468.8 477.6
454.4 470.3 478.6
454.9 471.5 479.9455.6 472.9 481.9
456.0 474.2 483.0
456.5 457.6 485.1
456.9 477.4 486.8
457.9 478.8 487.5
458.8 480.4 488.7
459.9 481.8 489.7
460.9 483.2 490.8461.8 484.8 492.8
462.6 486.4 494.2
463.3 487.6 495.8463.9 489.5 498.0
464.8 491.0 500.2
466.7 492.7 501.9
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501.8 511.6 520.2
579.9 592.5 604.9
581.3 594.0 606.2

TABLE 3

Run 3

Station I Station 2 Station 3*

81.5 sec 93.8 sec 97.6 sec
82.4 95.4 98.8
83.0 96.6 100,2
83.7 97.8 101.8
85.5 9910 103.0
85.9 100.3 104.8

331.6 352.0 354.9
335.4 358.2 362.0
336.8 359,6 363.7
381.5 406.4 409.5
382.2 407.6 411.5
384.9 411.0 415.4
386.5 412.3 416.9
387.9 413.8 418.3
437.6 461.2 462.1
438.7 462.5 464.0
439.8 463.8 465.5
456,9 479.5 480.6
458.0 480.9 482.0
462.5 486.5 488.5
463,6 487.7 491.1
466.2 490.0 492.9
467.1 491,1 493.6
467.7 492.7. 495.0468.8 493.8 496.5
469.7 495.8 498.0
470.1 497.1 500.0
470.7 498.7 501.5
471.1 500.4 502.9
472.1 501.4 504.3
473.4 503.1 506.0
474.0 505.0 507.3
474.7 506.3 509.0
475.5 508.6 509.9
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476.6 509.7 512.4
478.3 510.9 514.3
494.9 520.0 522.4
$51.8 576.7 581.4
552.6 577.8 583r1

*Reference to movie records Indicate the Esterline records for Station
3 as given here are 6 seconds too fast.

TABLE 4

Run 4

Station I Station 2 Station 3

6.2 sec 16,6 sec 25.1 sec
7.0 18.1 26.4
7.7 19.6 27.5
8.6 20.6 28.4
9.3 21.6 29,3

* 10.3 23.0 30.2
11.3 23.2 31.2
12.1 26.0 32.0
12.9 26.9 33.7
13.9 28.1 35.1
14.8 29.1 36.6
15.6 30.5 38.1
16.0 32.1 39,3
30.7 43.1 52.1
31.5 44.2 53.0
32.2 45.3 54.0
32.9 46.4 54.8

0 33.5 47.5 55.7
34.4 48.9 56,8
35.0 49.9 57.9
35.8 51.3 59.1
36.6 52.6 60.1
37.4 53.9 61.6
38.2 55.1 62.5
39.0 56.3 63.6
39.7 58.0 65.4
49.5 61.6 69.7
50.2 62.9 71.4
51.0 64.1 72.8
52.0 65.5 73.9
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53.0 66.9 75.0
53.6 68,3 76.2
54.5 69.9 77z3
55.7 71.1 79.8
56.8 72.4 80.6
58.4 74.3 83.1
59.0 74.9 84.3
60.4 77.0 85.6
61.4 78.7 88.1

TABLE 5

Run 5

Station I Station 2 Station 3

56.0 sec 68.1 sec 76.9 sec
57.0 69.2 78.0
57.9 70.4 79.1
58.5 71.5 79.8
59.4 72.6 80.6
60.4 74.2 82.1
61.3 75.5 83.0
62.3 76.7 84.4
63.1 77.7 86.6
64.3 78.8 88.2
65.5 80.4 89.3
66.3 82.0 91.0
67.2 83.4 91.8
79.4 92.9 101.7
80.4 94.0 102.7
81.4 95.2 103.5
82.3 96.9 105.0
83.4 98.2 106.1
84.2 99.2 107.1
84.8 100.2 108.5
85,.5 101.3 109.5
86.1 102.5 111.0
87.0 104.0 112.4
87.7 105.4 113.0
88.5 106.0 115.2
89.3 107.9 115.6

100.4 112.4 121.4
101.6 113.8 123.9
102.5 115.3 125.1
103.8 116.4 126.3
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105.2 118.6 127.7
106.1 120.1 129.3
107.4 121.8 131.6
108.5 123.2 133.0
109.5 124,4 134.2
110.3 125.9 13542111.2 127-3 136.3
112.6 128.6 136.9
113.7 130.0 139.4

TABLE 6

Run 6

Station I Station 2 Station 3

112.0 sec 128.9 sec 137.8 sec112.9 130.2 138.9
113.8 131.1 139.8
114.8 132.6 141,1
115.9 134.1 442.2
117.0 135.3 144.3
117.8 136.8 145.6
119.0 138.3 146.8
119.7 139.3 149.0
120.4 140.5 150.1
121.1 142.5 151.3
121.8 1144.3 152.4
122.9 146.1 154,3
135.1 153.5 162.1
135.9 154.7 163.1
136.8 155.8 164.0
137.7 157.1 165.5
138.5 158.2 166.4
139.5 159.4 168.1
140.4 160.9 169.3
141.6 162.5 170.4
%42.7 163.6 171.1
143,2 164.7 172,3
144.4 165.9 174.1
145pl 167.0 175.3
14f.8 168.3 177.0
161.4 177.9 186.1
162.9 179.8 189.0
163.9 181.2 190.2
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165.4 183.1 191.5167.3 184.5 194.3169.0 187.1 196.0172.0 188.5 198,1173.3 190.3 199.3
174.3 191.9 200.3
176.1 193.3 202.5177.0 194.8 204.3
178.7 197.1 205.6179.4 197.8 206.9

TABLE 7

Run 7

itation I Station 2 Station 3

1.5 sec 10,7 sec 17.8 sec2.3 11,3 18.7
2,8 12.2 19.9
3.7 13.6 21.64.5 14.8 23.45.3 15.7 26.8
6.1 16.6 28,.2
6.9 17.4 29.47.5 18,3 30.3
8.3 20.1 31.4
9.1 21.3 33.29.7 23.3 34.5

10.3 24.7 35.8
11.4 26.2 36.9
12.2 28.3 38.112.7 29.3 39.4
13.1 30.0 40.213.5 31.3 40.9
14.2 32.8 41.6
15.1 34.3 43.716.1 36.2 47.8
17.0 37.2 48,4
17.6 38.4 49.718.3 39.5 50.5
20.0 4o,5 51.8
20,8 41.9 52.7
21.4 43.5 53.5
22.0 44,7 54.4
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22.6 646.1 55.6
23.5 47,5 57,3
24.3 49.0 58.5
25.3 50.3 59.7
26.0 51.9 61.1
26.6 52.8 62.3
27.4 54.3 65.8
28.4 55.9 66.7
29.5 56.7 68.0
30.1 57.7 69.1
31.0 •9,2 70.1
31.5 60.8 71.3
32.3 62.0 72.5
33.1 63,4 74.4
33.6 65,3 75-7
35.2 66.5 77.4
36.1 67.8 78.6
37.0 69.3 80.5
38.0 71.3 83.0
39.2 72.6 84.2
40.2 74.1 87.0
41.3 75,3 89.3
43.0 77.2 90,5
44.2 78.3 91.5
45.4 80.5 94.5
46.1 81.3 95.7
47.4 83.3 96,9
48.9 84.9 98.3
50.5 85.6 99.4
54.7 84,6 102.5

TABLE 8

Run 8

Station I Station 2 Station 3

41.8 sec 56.6 set 68.7 sec
49.4 61.5 70.6
50.4 62.8 72.1
51.1 63.4 73.2
52.1 64&5 74.2
53.0 65.5 76.2
53.9 66.8 77.3
54.6 68.0 78.3
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55.1 9.3 793,
56.0 70.4 80 3
56.5 71,4 81.2
57.1 72.9 82.5
57.1 74.1 83.5
58.6 75.1 84.5
59.4 76.2 88.5
60.3 77.2 89.5
60 8 77,7 90.5
61 .9 79.0 93.1
62.5 80,1 94,2
62.9 81.0 95.1
64.0 83,5 96.5
65.2 85.0 97.466.3 86.7 100,0
67.1 88.2 101.2
67.6 90.1 102.1
67.9 91.0 103.6
69.2 92.9 104.8
70.1 94,1 106.1
71.0 95.4 107.3
72.5 97.0 108.2
73.0 98.3 109.3
73.9 99.9 110.5
75.1 101.3 113.2
76.2 102.7 114,677.6 104.2 116.1
82.1 106,1 117.1
82.8 107.3 118.3
83.4 108.4 119.4

188.3 202.8 226.0
189.0 203.6 227.4

"- 229.7 243.9
"230.8 245.1231 7 246.5232.6 249.0

"- 233.5 250.0
247,3 259.0 273.7
248.1 260 8 275,1
248.6 261,7 276,5
253.2 262.7 278.2
254.1 263.4 280.1
297.9 310.4 321,9
299.0 311.3 323.0
300.6 312.6 324.6
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341.3 353.1 364.2
4- , 7 JJJ *7 ) .Ce n

344.3 357.0 369.0
345.6 358.1 370.2
346.0 359.2 371.5
346.9 360.6 372.9
347.6 362.6 374.1
348.2 363.3 375.2
349.0 364.1 376.4
349.3 364.8 377.8

*Lost five pieces of data.

sTABLE 9

Run 9

Station I Station 2 Station 3

36.9 sec 48.0 sec 58.6 sec
37.4 48,7 59.6
38.1 49.9 60.6
43.0 55.1 65.3
44.1 57,3 67.7
45.0 58.3 69.0
45.6 1. 70.0
45,9 -.0 70.8
46.1 61.4 72.6
46.7 62.5 73.5
46.9 63.4 75.9
47.5 64.9 77.247.8 66,2 78.6
48.7 68,1 79.8
49.0 68.7 82.5
49.8 70.0 84.1
50.2 72.4 84.8
50o9 74.1 85.7
51.1 75.8 86.6
52.1 77.8 87.8
53.1 72.6 88.9
54.2 80.8 89.9
54.5 81.9 91.0
55.3 83.1 92.7
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56.1 84.9 94.07u., 8,. i 95.3a.,q
;) .U 8/,6 96.257.3 89.6 100.8
57.9 91.1 103.0
60.2 92.1 104.6
61.3 93.3 106,4
61.9 95.6 107.4
62.7 97.0 108.4
63.0 98.1 109.3
63.4 100.1 110.2
84.3 101.7 112.5
85.5 102.5 113.5
86.3 104.0 115.3210.1 221.5 237.9212.4 222.3 238,8

213.5 225.1 239.7
216.1 226.1 240.8
216.8 228.4 242.0217.9 229.2 244.0

"- *231.0 245.1
282.2 296.6 312.3
282.7 298.0 313t4
283.8 299.0 315.1
285.4 300.1 316.3
285.9 301.0 318.2
299.8 310.9 324.8
301.0 311.7 326.0
301.7 312.7 327.5
324.2 335.3 346.1
325.2 337.2 347.3326.4 338.5 348.3
327.6 340.2 351.9
328.0 341.2 352.8329.0 342.1 354.2
329.9 343,4 355.3
330.4 344.5 356.3
330.6 346,0 357.9
331.1 347.1 359.1
332.1 351.1 360.2

*Lost one piece of data.
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TABLE 10
0

Run 10

Station 1* Station 2 Station 3

* 40.0 sec 50.6 sec
41.6 52.1
42.4 53.1
43.2 54.4
44.3 55.1
45.3 56:0* 47.1 58.0
47.2 59.0
49.9 60.3
50.9 61.1
52.6 62.7
53.8 64.4
55.1 65.3
56.6 67,6
58.3 69.1
59.3 70.4* 
60,8 70.8
61.8 71.5
62.9 74.2
64.8 75.9
65.7 77.1
69,4 * 78.7
70.3 80.7
71.3 82,8
73,0 84.1
73.9 85,0
75.0 86.1
77,1 88.2
78.7 88.9
79.6 89.9
81.2 91.3
82,4 94.1
83.8 95.1
85.6 96.2
86.8 97.1
88.1 97.4
89.5 98.9
91,o 101.4
93.0 102.8

2
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94.2 104.5
95.5 105.8
96.3 107.1
97.7 109.4
99.0 110.8

100.1 112,3
100.9 113.4
103.8 115,0
105.9 116.5
107.9 118,4
109.1 119.8
111.9 120.7
113.2 122.0
114.8 123.2
115.6 124,5
116.9 126.0
118.1 127.6
119.2 129.4
120.7 130,4
122.2 132.1
123.3 133.1
124,7 134.1
125.5 135.8
208.8 220.1
209.9 220.8
210.8 221,6
212.1 222.3
226.3 235.4
226.9 236.7
227.8 240o0
230.0 240.9
230.9 242.3
232.1 243.5
233.2 247.1
234.1 248,2
272.4 283.7
273.2 289.6
274.4 285.9

• 275.3 286.9
276.8 288.0
277.8 289.9
279.0 291.1
280.3 292.7
281.9 295,4
282.8 297,0
284.0 298.1
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308.4 319.0
309.4 320.4
329.7 340.9
330.8 344.0
331.9 345.2333.1 346.6
347.3 356.0
348.1 357.5
348.8 358.4
353.4 363.8
355,0 366.4
356.7 367.3
358.2 368.7
359.3 370.1

* 
360,9 372.0
362.0 373.1
363.9 374.2
365.5 375.3
368.1 376.3
372.1 379.7
372.5 380.9
374.4 382.2
375.8 383.9
376.7 385.9
377.8 386.9
379.4 388.8

*No data obtained at Station 1.

TABLE 11

Run 11

Statlon1 .Station 2 Station 3
2.7 sec 11.9 sec 21.1 sec3.5 13.8 23.5
4.3 14.8 24.74.9 15.5 25.85.8 16.7 26.86.5 17.6 28.47.5 18.6 29.38.3 19.8 30.1
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9.3 21.5 31!
10.5 99-Q 32.8
11.6 24.7 34 0
12,6 25.5 36.4
13,0 26.7 38.9
14.0 28.1 40oi
15.1 29.2 41.1
15.9 30.2 4 20317.0 31.8 43.1
17.8 33.3 44.0
18,7 35.1 45.6
19.6 36.6 46.8
20.5 38,8 49.2
21.8 39.9 50.7
23.1 43.4 52.0
24.4 44.0 53.1
25.6 45.5 54.8
26.4 47,3 56.2
27.7 48.6 57.8

- * 49.8 59,7
30.7 51.7 61.1
31.8 53.1 62,5
32.9 54.0 63.9
34.5 55,6 65,6
35.6 56.8 67.4
36.1 57,9 69.0
36.9 59.0 70.0
37.9 60.5 71.1
39.0 62,8 72.4
40.5 64.8 74.4
41.4 66.o 75.7
42.6 67.4 77.7
43.8 68.8 79.4
44.7 69.9 80.446.0 71.2 82.4
47.2 72.5 83.7
48.o 73.6 84,8
49.6 74.6 87.0
50.4 75.7 88.0
51.4 76.7 89.2
51.8 77.3 9O.6
52.7 80.2 92.2
53,1 83,0 93,2
54.4 84.8 95.8
55.0 85.8 97.3
56.2 87.5 98.9
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57.3 89.4 101.0
58.0 91.2 102.159.0 93.3 102.9
59.7 94.8 105.A62.0 95.9 !10,7
63.3 97.9 H11.564.2 99.8 112.9
67.0 101.5 114.1
67.9 103.3 115.1
68.8 104.9 116.270.7 106.5 117.9
71.2 107.8 118.7
72J1 '09.5 H19.773,2 110.4 122.3 @74.6 112.0 123.4
75.2 113.7 124.7
76.0 115.3 125.9
76.8 117.3 126.9
78.4 118.7 128.3
79.7 120.0 129.780.8 123.1 131.1
82.5 124.0 134.584.2 124.7 136.2
85.8 126.2 138.8
86.8 127.7 140.0
87.8 128.4 142.6
88.8 131.1 143.9
90.2 133.3 145.591.5 134,2 146.8
92.8 135.4 148.4
93.9 136.5 149.6
95.1 138.6 150.6
96.6 140.0 151.6
98.5 141.3 152.8

100.7 143.2 154.9102.5 144.7 156.2
1o4.7 146.6 157.6105.8 147.8 158.0
112.0 148.3 162.6
113.6 150.1 164.0
114.7 151.8 165.2116.3 153.4 166.6
118.0 155.1 168.1119.1 156.2 170.4
120.1 157.5 171.0
121.1 159.0 171.9
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122.6 161.2 172.8124.9 162.4 175.1
12.6 i63.3 176.7127.4 165,1 178.5129.1 166.2 179,9130.1 167.4 180.8131.1 168.3 181.8
132.3 169.2 185,7

*Lost one piece of data.
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APPENDIX B

TABLE I

Number of Distance to Time to

Location Personnel Shelter Travel Rate Shelter

A 40 200 feet 6 MPH 23 sec

B 10 250 6 28

C 5 300 6 34

D 25 350 6 40

E 10 400 6 45

F 5 500 6 57

G 5 600 6 68

3
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TABLE 3

Results of Design Method Compared With Observed Results

Predicted Time of Arrival of Actual Time of Arrival of
Run All Personnel at Station 3* All Personnel at Station 3

2 731 sec 606.2 sec
3 731 589
4 100 88.1
5 168 139.4
6 236 206.9
8 397 377.8
9 397 360.2

10 410 388.8
11 200 185.7

*Data used in computation of this column Is as follows:

Travel rate outside shelter: 4.4 ft/sec

Travel rate Immediately at shelter entrance: 1.5 ft/sec

Travel rate inside shelter: 4,0 ft/sec

Distance to be travelled Inside shelter: 48 ft

Personnel density in single file queue: I man/(2.3)ft

0
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